The three mammalian D-type cyclins are thought to promote progression through the G 1 phase of the cell cycle as regulatory subunits of cyclin-dependent kinase 4 and 6. In addition, they have been proposed to control the activity of various transcription factors without a partner kinase. Here we describe phenotypic consequences of null mutations in Cyclin D, the single D-type cyclin gene in Drosophila. As previously observed with null mutations in the single Drosophila Cdk4 gene, these mutations do not primarily affect progression through the G 1 phase. Moreover, the apparently indistinguishable phenotypes of double (CycD and Cdk4) and single mutants (CycD or Cdk4) argue against major independent functions of Cyclin D and Cdk4. The reduced cellular and organismal growth rates observed in both mutants indicate that Cyclin D-Cdk4 acts as a growth driver.
D
-TYPE cyclin genes are present in plant and animal differentiation programs. Mammalian cyclin D1 and D2 were shown to inhibit myogenic differentiation through genomes. Their products function as regulatory subunits of specific cyclin-dependent kinases (cdks).
inactivation of MyoD transcriptional activity (Skapek et Major physiological substrates of the D-type cyclin -cdk al. 1995, 1996) . Cyclin D1 seems to relocalize cdk4 to complexes are the retinoblastoma tumor suppressor the nucleus, leading to an inhibition of the myogenic protein family members (Rbfs), which are known to act transcription factor apparently by direct interaction with as negative regulators of cell proliferation in plant and cdk4 independent of kinase activity (Zhang et al. 1999 ). animal cells (Adams 2001; Ortega et al. 2002) . Rbfs can More recently cyclin D1 has been shown to bind to Myb, bind to E2F transcription factors and recruit complexes DMP1, STAT3, and Beta2/NeuroD transcription factors with nucleosome remodeling, histone deacetylase, and and to inhibit their transcriptional activity independent methylase activities (Stevaux and Dyson 2002) . Many of cdk4 (Ganter et al. 1998 ; Inoue and Sherr 1998; E2F target genes are required for progression through Horstmann et al. 2000; Bienvenu et al. 2001 ; Ratineau the cell cycle and their expression is inhibited by Rbfs et al. 2002) . In addition, cyclin D1 interacts with nuclear (Dimova et al. 2003) . Phosphorylation by D-type cyclinreceptors such as the androgen and thyroid hormone cdk complexes suppresses this inhibitory activity of Rbfs.
receptors and represses their transcriptional activity In addition, mammalian D-type cyclin-cdk complexes (Knudsen et al. 1999; Reutens et al. 2001 ; Lin et al. can also suppress Rbfs by titrating cdk inhibitors of 2002). In contrast, cyclin D1, but not D2 or D3, have the CIP/KIP family away from cdk2 complexes, which been reported to activate estrogen receptor (ER)-mediphosphorylate and thereby contribute to inhibition of ated transcription by recruitment of coactivators after Rbfs (Adams 2001; Ortega et al. 2002) . Intriguing obdirect binding to ER (Zwijsen et al. , 1998 . servations have argued for D-type cyclin-cdk targets While it is clear, therefore, that at least some D-type other than Rbfs (Datar et al. 2000 ; Boxem and van cyclins can effectively modulate transcriptional activaden Heuvel 2001; Xin et al. 2002 ; Frei and Edgar tion in a cdk-independent manner, the physiological 2004), although clear cases have yet to be demonstrated.
role of these effects remains to be clarified. For instance, As suggested by a growing number of reports, D-type the results obtained with knock-in mice in which the cyclins are also thought to function independently of cyclin D1 coding regions were replaced by those of either a cdk partner or its kinase activity (Coqueret cyclin , and zygotic Cdk4 function (Meyer et al. 2000) . More-
, and dap g36 have been described previously (Stern et al. 1993; Wodarz et al. 1993; Knoblich et al. 1994 ; Duronio over, in addition to the expected involvement in the and O'Farrell 1995; Royzman et al. 1997; Jacobs et al. 1998;  E2F-Rbf pathway, our findings demonstrated that Cdk4 Lane et al. 2000; Meyer et al. 2000) .
is required for normal growth (accumulation of mass) of Cyclin D-Cdk4 in the regulation of cellular growth and mitotic recombination between the X chromosomes was stock was isolated by the gene disruption project of the Berkeinduced by a heat shock (25 min in a 37Њ water bath). Resulting ley Drosophila Genome Project (BDGP) and kindly provided clones in wing-imaginal discs were analyzed as described preby Hugo Bellen (Baylor College of Medicine, Houston). Polyviously (Neufeld et al. 1998; Datar et al. 2000) . Parallel conmerase chain reaction (PCR) experiments confirmed the prestrol experiments were done with larvae carrying an X chromoence of a P-element insertion in this stock at the chromosomal some with P{neoFRT}18A and the wild-type CycD allele over position determined by the BDGP. For the mobilization of P{Ubi-GFP(S65T)nls}X P{neoFRT}18A. Anticleaved Caspase-3 the transposon, we used CyO, HoP1(w ϩ ), a balancer chromoantibodies (ASP 175) were obtained from Cell Signaling Techsome with a hobo element containing a ⌬2-3 P-transposase nology and used at 1:1000. gene (O' Kane 1998) . y Ϫ ,w ϩ , P{SUPor-P}KG04817 males were
In situ hybridization and BrdU pulse labeling: Embryos therefore crossed with w Ϫ y Ϫ /FM7i; ϩ/CyO, HoP1(w ϩ ) females collected from stocks with CycD 1 or CycD 2 over the FM7c, and the resulting y Ϫ ,w ϩ , P{SUPor-P}KG04817/FM7i ; ϩ/CyO, HoP1(w ϩ ) progeny were mated with FM7i/Y males. From the P{ry ϩt7.2 ϭ ftz/lacC}YH1 blue balancer chromosome were fixed as previously described (White 1998) . For pulse labeling with obtained in the defined area with the ratio between this defined area and the total wing area. 5-bromo-deoxiuridine (BrdU), embryos were permeabilized with octane and incubated for 20 min in Schneider's medium containing 1 mg/ml BrdU before fixation (Knoblich et al. 1994) . Immunolabeling with mouse monoclonal antibodies RESULTS against BrdU (Becton-Dickinson) in combination with secondary goat anti-mouse antibodies conjugated with Cy3 ( Jackson), For the isolation of mutant CycD alleles we mobilized as well as in situ hybridizations using red fluorescent probe a P-element P{SUPor-P}KG04817 located on the X chrodetection after tyramide signal amplification (TSA kit, NEN) mosome within an intergenic region ‫074ف‬ bp upstream were performed as previously described (Knirr et al. 1999;  of the major transcriptional start site of CycD ( Figure   Meyer et al. 2002) . For the identification of CycD mutant embryos, we applied double labeling with rabbit antibodies 1A). Molecular characterizations by PCR, DNA sequenc- ) and inefficiently amplifies a much larger fragment from CycD ϩ (not shown). The pair k4f-k4r yields a 400-bp fragment (Cdk4 ϩ ) from the Cdk4 ϩ but not from the Cdk4 3 allele where the k4r annealing site is eliminated by an intragenic deletion (Meyer et al. 2000) . The first four lanes show the PCR products obtained from representative male progeny of a cross of Cdk4 3 males with CycD 1 /ϩ; Cdk4 3 /ϩ females ( Figure 3C ). The last three lanes show control reactions with genomic DNA from CycD 1 or Cdk4 3 homozygous flies or without genomic DNA template. a Three crosses were set up as illustrated in Figure 3A . Females with the following genotypes were used: ϩ/FM7i ; UASCycD/ϩ (cross 1), CycD 1 /FM7i ; UAS-CycD/ϩ (cross 2), and CycD 2 /FM7i ; UAS-CycD/ϩ (cross 3). b At least 70 flies for each genotype were weighed individually before calculation of an average weight Ϯ standard deviation. The average weight obtained for CycD ϩ ; ϩ; da-GAL4 was set as 100%. The average weight difference of siblings with or without UAS-CycD expression was significant in all three crosses according to t-tests (P Ͻ 10 Ϫ10 ). control males using da-GAL4. The resulting UAS-CycD expression was found to eliminate the weight differences between CycD ϩ and CycD mutant males (Table 1) . (Table 2) . Moreover, the ratios between total wing area The reduced size of CycD mutants was also confirmed and cell number indicated that the size of the differentiby an analysis of wing areas (Table 2) . Moreover, since ated cells in CycD mutant wings is slightly increased every wing cell forms a microscopically detectable hair, (Table 2) . cell numbers present in these wings can readily be estimated. These were found to be reduced in CycD mutants To analyze the effects of loss of CycD ϩ function on a Three crosses were set up as illustrated in Figure 3A . Females with the following genotypes were used: ϩ/ FM7i ; UAS-CycD/ϩ (cross 1), CycD 1 /FM7i ; UAS-CycD/ϩ (cross 2), and CycD 2 /FM7i ; UAS-CycD/ϩ (cross 3). b At least 12 wings were analyzed for each genotype (see materials and methods). The values obtained for CycD ϩ ; ϩ; da-GAL4 were set as 100%. Tables 1 and 2) for the analysis of genetic interactions between mutations in CycD and other cyclin/cdk genes (B; see also Table 3 ), as well as for the comparison of single-and double-mutant phenotypes (C; see also between twin spots. To determine whether the decreased size of CycD mutant clones was due to increased FRT CycD ϩ Ub-GFP background at ‫06ف‬ hr after egg deposition. An additional 60 hr after clone induction, wingcell death, we used a DNA stain to assess the abundance of condensed, fragmented nuclei, which are characterisimaginal discs were dissected and the area of Ub-GFP
) sister clones was meatic of apoptotic cells. No increase in apoptotic figures was detected. We also assayed apoptosis by immunoflusured and compared (Figure 2A ). In three independent experiments, CycD 1 clones were found to cover only orescence, using an antibody to cleaved Caspase-3. This analysis also failed to reveal increased numbers of apo-‫%05ف‬ of the area encompassed by the control sister clones. and the cell-cycle profile, we measured forward scatter and DNA content of wing-imaginal disc cells after
Genetic interactions of CycD mutations
CycD Ϫ/Ϫ clone induction and fluorescence activated cell sorting (FACS) of GFPϪ and GFPϩ cells (Figure 2, CycE) or cdks (Cdk1, Cdk2), crosses were set up as illustrated
In CycD mutants, endoreduplication is not initiated on in Figure 3B . In addition, alleles of E2F1, DP, and dacapo (dap) were tested analogously. After eclosion of progeny, the ratio time in the central domain of the midgut (Figure 4 , of CycD mutant males, which were heterozygous either for compare C and F). Moreover, the preceding endoreanother cell-cycle gene mutation or for a balancer chromoduplication within the anterior and posterior midgut some, was determined and given after multiplication with 100.
domains is inefficient and not completed on time ( and Cyclin E (Figure 4 , B and E) indicated that transcript levels of these S-phase genes are decreased pretions in CycD and dacapo or E2F1 (Table 3) . Finally, mutations in DP resulted in a slight reduction of viability dominantly within endoreduplicating tissues.
Functional redundancies might explain the relatively (Table 3) . Our characterization of CycD mutant phenotypes, deminor consequences observed to result from a loss of CycD ϩ function. In particular, Cyclin E-Cdk2 is thought scribed above, yielded results very similar to those found for Cdk4 mutants (Datar et al. 2000; Meyer et al. 2000 , to provide functions similar to those of Cyclin D-Cdk4. To evaluate this possibility, we analyzed the effects of 2002). These extensive phenotypic similarities suggest that Cyclin D and Cdk4 provide their major functions heterozygosity for loss-of-function mutations in various cell-cycle genes on the viability of CycD mutants (Table  exclusively together in a complex. Association of Drosophila Cyclin D and Cdk4 was first suggested by yeast 3). We observed a clear effect with mutations in Cdk2 and CycE. In particular, heterozygosity for Cdk2 mutatwo-hybrid experiments (Finley et al. 1996; Sauer et al. 1996) and later confirmed by co-immunoprecipitation tions eliminated the viability of CycD mutant males almost completely. Heterozygosity for CycE mutations reexperiments (Meyer et al. 2000) . If Cyclin D and Cdk4 function exclusively as a complex, double-mutant pheduced CycD mutant male viability as well, but less severely. Moreover, surviving CycD mutant males disnotypes would be predicted to correspond to the singlemutant phenotypes. In contrast, if Cyclin D and Cdk4 played a rough eye phenotype when heterozygous for a CycE mutation (data not shown). In contrast to the also provided some major functions independently, double mutants would be expected to have a more sestrong synthetic effects of CycE and Cdk2 mutations, we did not observe clear effects on CycD mutant viability vere phenotype than single mutants. For a careful comparison of single and double mutants, we analyzed with mutations in genes encoding Cdk1 and its cyclin subunits (CycA, CycB, CycB3;  a For comparison of single-and double-mutant phenotypes, a cross was set up as illustrated in Figure 3C , resulting in male progeny hemizygous for either the CycD ϩ (indicated by ϩ) or the CycD 1 allele (indicated by Ϫ). Moreover, the males were either heterozygous (indicated by ϩ) or homozygous (indicated by Ϫ) for the Cdk4 3 allele. The genotype of individual male progeny was determined with a PCR assay ( Figure 1C ) following measurement of fly weight, wing size, and wing-hair density.
b For the comparison of the developmental fitness associated with the four different genotypes expected to segregate with equal frequency according to Mendelian rules, all 170 eclosing males from a cross were genotyped. The number of progeny males that survived to the adult stage is given relative to the number of ϩ; ϩ males, which was set as 100%.
c All males were weighed individually before calculation of an average weight Ϯ standard deviation. The average weight of ϩ; ϩ males was set as 100%.
d At least five wings were analyzed for each genotype (see materials and methods). The values obtained with ϩ; ϩ males were set as 100%.
this experiment was designed such that all the different not required for progression through the G 1 phase of the cell cycle. Some escapers develop to the adult stage genotypes developed as siblings with the same maternal contribution under identical growth conditions. In adeven when both maternal and zygotic Cdk4 ϩ or CycD ϩ function is abolished. Moreover, FACS analyses demondition, for the determination of the different sibling genotypes, we did not rely on adult visible phenotypes strate that the cell-cycle profile of wing-imaginal disc cells homozygous for null mutations in Cdk4 (Meyer et induced by dominant marker mutations on balancer chromosomes with potential side effects on the analyzed al. 2000) or CycD ( Figure 2B ) is essentially indistinguishable from that of wild type. Our evidence therefore is parameters. Genotypes were therefore determined with a PCR assay ( Figure 1C) after completion of the phenonot consistent with the prevailing idea that D-type cyclincdk complexes primarily regulate progression through typic analyses. The comparison of single-and doublemutant phenotypes did not reveal major differences the G 1 phase. In cultured mammalian cells, where the most support for this suggestion has accumulated, (Table 4) . A second experiment gave very similar results (data not shown) although in this case the fraction of D-type cyclin-cdk complexes have been shown to act in part by titrating CIP/KIP inhibitors away from CycE/ eclosing double mutants and their average weight was slightly lower compared to single mutants. In both exCdk2 complexes, which are thus freed to stimulate cellcycle progression (Adams 2001; Ortega et al. 2002) . In periments, however, all the differences between weight, wing size, and cell numbers of single and double mucontrast, binding of Dacapo, the single known Drosophila CIP/KIP family member, to Drosophila Cyclin tants were not statistically significant (P-values obtained with t-test Ͼ0.05), while the differences between mu-D-Cdk4 has not been detectable (Meyer et al. 2000) . This provides a potential explanation for the apparent tants and CycD ϩ ; Cdk4 ϩ siblings, which also tended to eclose slightly faster than the mutants, were highly sigdiscrepancy. It should be noted, however, that the strong genetic interactions we report among CycD, CycE, nificant. Our findings therefore fail to provide evidence for independent functions of Cyclin D or Cdk4.
and Cdk2 (Table 3) , previous interaction tests performed with Rbf (Datar et al. 2000; Xin et al. 2002) , and target gene analysis (B. Lynch, A. F. A. de la Cruz   DISCUSSION and B. A. Edgar, unpublished results) indicate that Drosophila CyclinD-Cdk4 complexes do play a signifi-D-type cyclin-cdk complexes are of crucial importance cant, if redundant, activating role in the E2F/RBF netin human tumorigenesis. Since these complexes have work, just as described in mammals. In the CycD and been conserved in evolution, it is readily possible to Cdk4 mutants, CycE/Cdk2 complexes are presumably use model organisms like D. melanogaster for functional sufficient to perform this function. characterizations. Here we extend our previous characWhile not revealing a specific role during G 1 , the terization of Drosophila Cdk4 mutants by phenotypic Drosophila mutant phenotypes provide compelling evicomparisons with CycD mutants. As previously observed for Cdk4 (Meyer et al. 2000) , we find that Cyclin D is dence that Cyclin D-Cdk4 promotes cellular growth and thereby accelerates progression through all the cellguishable phenotypes and does not necessarily prevent development to the adult stage, demonstrate that neicycle phases proportionally. CycD and Cdk4 mutants develop into small but normally proportioned flies with ther Cyclin D nor Cdk4 provides essential functions in Drosophila independently of each other. an average weight of ‫%02ف‬ less than that of wild-type siblings (Meyer et al. 2000; this work) . Conversely, overWe are indebted to Henning Jacobs for informing us about the expression of Cyclin D and Cdk4 has the opposite effect, isolation of KG04817 by the Berkeley Drosophila Genome Project and to Hugo Bellen for sending us this line. We thank Sandra Szameit causing increased growth in organs such as the eye, for help during the initial isolation and characterization of the CycD wing, and salivary glands (Datar et al. 2000) . Moreover, plex partners or overexpressing the complex grow slower or faster, respectively, than wild-type clones (Datar et al. 2000; Meyer et al. 2000; this work) . LITERATURE CITED In Drosophila, the growth-promoting function of 
